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. . In Fig. 1, the end of the distribution curve
StUd)’lng neutrinos for p=0 and for large and small values of u is

. . sketched. The greatest similarity to the em-
WIthOUt deteCtI ng them pirical curves is given by the theoretical curve for

u=0.
- | E. Fermi, Z. Physik 88, 161 (1934)
|46C — |48N S translation FWilson,Am]Phys 36, 1 150 (1968)
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M Large
2140:Bj —2145,Po* e
H Small
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Fig. 1. The end of the distribution eurve for p=0 and for
large and small values of .

Hence, we conclude that the rest mass of the
neutrino is either zero, or, in any case, very small
in comparison to the mass of the electron.’? In the
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Current limit 2.0 eV,BR < 1010
SH = 3Het+ e + Ve
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I Tritium spectrum
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Current limit 2.0 eV, BR < 109
SH = 3Het+ e + Ve
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Current limit 2.0 eV,BR < 1010
3H — 3He*+ e + V. KATRIN goal 0.2 eV, BR < 012
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Current limit 2.0 eV,BR < 1010
3H — 3He*+ e + V. KATRIN goal 0.2 eV, BR < 012

1012 Amy3~ 0.05 eV,BR < |04
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i 9e-15 of spectrum
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KATRIN
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KATRIN experiment Goal: my = 0.2 eV sensitivity

Electrostatic

magnetic transport high-pass filter

Tritium source of electrons 0.9 eV-wide cutoff
10" decays/second } %Eﬂﬂ$iﬂEE
detector

0

llllllllllll

o L N

L —

UCSB-built calibration gun Shipped to Germany Feb 2015
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Why KATRIN doesn’t
scale up well

= r2

=r

Source strength

Statistical error = r!

Pumping area = r?

Viscous flow rate = r* Molecular flowgrate = r3

|

Plasma charging = rL

i

Need very long source to
pump adequately, L ~ r'*

Magnet cost (r? L)%6=r!8*+

IT HTC magnet,
passive cooling to space

» >
detector side

sourcé‘e
Ix differential pumping’

vent to space

Electrons guidad along flux return loops
in empty space. XHV = low background

Spectrometer radius = r!
Spectrometer area = r?

Spectrometer

Expensive, thick-wall
Unprecedented size

Vacuum load ~ area
Whole area needs instrumenting

Whole volume is a

— 3
volume =r background source

SScsssssssssssEsi====
b4
-
—_= e
- | . X
= i 3 ~
= - ,
v - E"‘
7—%
- A ;N | § | N o |

Detector-related
backgrounds = r?

Harder to clear
Penning/bottle traps = r”

Space TRIN* is
probably easier

than 3-folding
KATRIN

(*1 am making this up)



BM & Formaggio, PhysRevD 2009

The Project 8 ccncept

O T m-\o» “

Cyclotron radiation

® emitted by mildly relativistic
electrons £, e B

e Coherent, narrowband v 2m(me + K/c?)

® |0'>W per electron

1 2q°w: Bi

e B field —

Ptot:

® FElectron energy contributes to
velocity v, power P, frequency w

® (Can we detect this radiation, Tagasat P < ImT

measure v, P 0, and determine E
+ | eV? 6% E E %? E ?9
Microwave antennae
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rare high-energy

many overlapping

electrons low-energy electrons
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Receiver

50 K cold head

Cryogenic low-noise ﬁ

microwave amplifiers P

83mKr gas system

superconducting
magnet~1T, —>
52 mm warm bore

Insert B-field

GasCell ™. ... ..
+ Waveguide
(inside)
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VWWaveguide cell

Gas = 83mKr

|.8 hour decay

Monoenergetic e’ lines
at 17.8, 30, 32 keV

0.952

0.95¢

0.948 ¢

Total Field B[ T]

0.946

UIde 0.944
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RF chain and reciever

e Bulkhead Adapter

= Vacuum Feedthrough

-1~ Long RF Cable

e Cryogenic Receiver -

Electrca wraz || wraz || wR4z :
I]\V Trp _II] OPPH | |50 Twist| | 1194 cm @ WR28 I> Bl e —

&«
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D. M. Asner et al. Phys. Rev. Lett. 114, 162501 (2015)
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D. M. Asner et al. Phys. Rev. Lett. 114, 162501 (2015)
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Spectrum of |Q Data
17kev in 1000mA harmonic trap-2014.07.02.14.58.02.664 MAT
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Spectrum of |Q Data
17kev in 1000mA harmonic trap-2014.07.02.14.56.32.668. MAT
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Spectrum of |Q Data
17kev in 1000mA harmonic trap-2014.07.02.14.57.47.031. MAT
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Spectrum of 1Q Data
17kev in 1000mA harmonic trap-2014.07.02.14.57.05.816.MAT
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Magnetic trap is a B field nonuniformity

17keV Peak — Track Energy vs Trap Current — 20140829 Dataset
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17keV Peak vs Track Frequency (before Mixers) — 20140829 Dataset
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D. M.Asner et al.

- Phys. Rev. Lett. | 14,
Energy Histogram (bin width = 0.2 eV) (10269 acqs) >ectrum 162501 (2015)
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Energy Hlstogram (bm width = 50.0 eV)

2015082671541 MidColl m1000mA CF2055MHz YM13dBm
20150826T1642_MidCoil m1000mA_CF2095MHz_YM13dBm 32 kdv
20150826T1901_MidCoil m1000mA_CF2175MHz_YM13dBm 30.4 keV
2015082672128 MidCoil m1000mA CF2015MHz_YM13dBm

20150826T2220_MidCoil m1000mA_CF0970MHz_YM14dBm
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Run 2: knocking down the noise
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Doppler shifts and

nonuniformities
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upper sideband

cyclotron frequency
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AcqlD=1, ii file=0, ii AcqlnFile=1, EventIiDs = 2
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Project 8 sensitivity estimates:

Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

100 10
= More statistical sensitivity by -
- packing more T into your 6
| -5
o source PRELIMINARY »
% 10 E / . If source is too dense, limit is
o - , systematic error on linewidth
N .
c - (approx. 0.25 eV)
S 1= 11 accessible with 2 mCi, | liter
ke ] o
.E; _ -5
— -4
> 0.1 3
(D) - -3 . .
g - | Molecular tritium final-state
= - uncertainty (0.1 eV)
S 0.01 12 S ~20 mCi, 100 liter
S 3 T,, 3x10 o147
) ] n
0p] . -6 @ = = = - iNverted hierarchy
. l; ¢ T T o EEEEERESEEEEEE-
0.001 — -7 17 -4 Y\AtomicT experiment
§ Atomic T, 3x10 3 200 mCi, 5 m3
_I T 1 IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII LI ||||||| LI ||||||| LI | ||||||| LI |||||||- -------------------
10 107 107 107 10 10" 10° normal hierarchy

Details: B=1 Tesla, background = | yHz/eV, livetil
pressure broadening known to 1%, field broadening®
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Project 8 sensitivity estimates:

Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)
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Scaling up!

e Surprise! The signal « 2 ATLAS solenoid
dependence deceived us into at CERN

starting work at high B

® Worse amplifiers and wider
bandwidths mean noise « f2 too

® Only problem with low f: size
® low f = low Af
® |ow Af = store e for long A

® long At needs low pressure
® Boyle’s LawV = [|/P

f —_I GHz 0.1 Ci decay volume 26000 ampoturns e

A=30cm 0.3 eV |0m long . ener
B =3.8kG 2 € 2.6m diameter per meter 4

number of £

One giant modes
waveguide | 60x channels | single-mode SNR ~6 sensitivity

with 60 Noise = |K | correlator SNR ~50 mg = 0.05 eV

modes
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ROACH FPGA architecture for DSP

Future Project 8

Proof of principle on 83mKr

hHhEEEREE 2014 .
Learn by experience

T2 spectrum

Phase |l Qi First "multi-mode" detection

2016— a)  atomic tritium R&D

Fhase [li 2018 b) antenna array scaleup

Very large experiment

IhECEINE 2018— -
sensitive below IH scale

Mirror coils

Antiprotons
from catching
trap

s = |offe trap

kx \""1'*11::;;:'._ S | ./ {Or atomic H

‘ EK;—L;- —— L - B
Annihilation  Electrodes = p> accumulator

MAatantaw



® Surplus MRI magnet

. PATIENT

| O<FoRD

® |0 uniformity in
central 50cm

® Now installed at UW
and ramped to |.45T
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